The flexural analysis of doubly curved functionally graded porous conoids was performed in the present paper. The porosities inside functionally graded materials (FGMs) can occur during the fabrication and lead to the occurrence of micro-voids in the materials. The mathematical model includes expansion of Taylor's series up to the third degree in thickness coordinate and normal curvatures in in-plane displacement fields. Since there is a parabolic variation in transverse shear strain deformation across the thickness coordinate, the shear correction factor is not necessary. The condition of zero-transverse shear strain at upper and lower surface of conoidal shell is implemented in the present model. The improvement in the 2D mathematical model enables to solve problems of moderately thick FGM porous conoids. The distinguishing feature of the present shell from the other shells is that maximum transverse deflection does not occur at its centre. The improved mathematical model was implemented in finite element code written in FORTRAN. The obtained numerical results were compared with the results available in the literature. Once validated, the current model was employed to study the effect of porosity, boundary condition, volume fraction index, loading pattern and others geometric parameters.
Introduction
From last two decades, shell structures made of functionally graded materials (FGM) broadly used by civil, mechanical, aeronautical and marine engineer. The FGM is an inhomogeneous material, composed of two (or more) materials, organized with a view to having a smooth gradation in the desired direction. However, at the time of fabrication, porosities are infused in the FGM that create major issue. Apart from this, the FGM manufactured using sintering process retains porosities because of different solidification rate of material constituents. Koizumi [1] used FGM in advanced engineering structures experiencing elevated temperatures. Eslami et al. [2] developed a general solution for the 1-D steady-state mechanical and thermal stresses in an FGM hollow thick sphere. The static response of functionally graded cylindrical shells using the element-free kp-Ritz method was analysed by Zhao et al. [3] . An elastic solution for a sandwich panel with isotropic skins was presented by Kashtalyan and Menshykova [4] . Ameur et al. [5] developed a trigonometric shear deformation theory containing four unknowns for the bending analysis of an FGM plate. Natarajan and Manickam [6] considered a realistic variation in displacement along the thickness direction in higher order model for the bending and flexure vibration behaviour of an FGM sandwich plate. Ajay et al. [7] developed C 0 finite element based on higher order shear deformation theory for the analysis of laminated composite rhombic shell. Bessaim et al. [8] developed five unknown-based shear deformation theory for the static analysis of FGM sandwich plate. The stresses in functionally graded doubly curved shells were calculated by incorporating the differential quadrature method in the first order shear deformation theory by Tornabene and Viola [9] . An analytical solution was developed by Sayyad and Ghugal [10] to account for the effect of transverse shear and transverse normal for the bending analysis of isotropic, laminated composite and sandwich plates. Viola et al. [11] used unconstrained third-order shear deformation theory for the static analysis of moderately thick functionally graded conical shells. Asemi et al. [12] used the classical theory for a linear thermoelastic analysis of thick truncated cone. Dai and Dai [13] devel-oped an analytical solution based upon the classical shell theory for FGM cylindrical shell under thermomechanical loading. Xiang and Liu [14] used a meshless global collocation method with nth-order shear deformation theory for the static analysis of FGM sandwich plate. Parihar et al. [15] pointed out the recent advancement in the manufacturing process of FGM. Alipour and Shariyat [16] conducted the free vibration analysis of sandwich plates with isotropic/orthotropic face sheet and different combinations of boundary conditions.
Since casting and fabrication of conoids is easy due to its singly ruled surface; hence, it is favoured in the construction industry. Conoids are structurally stiff, aesthetically appealing, and are used to cover the column-free large area in industrial structures, aircraft hangars and exhibition hall. The first study on simply supported and clamped conoids was carried out by Hadid [17] in 1964. A combined variational approach was used for bending analysis of elastic conoids for both types of boundary condition. Finite difference method was carried out on the conoidal shell by Das and Bandyopadhyay [18] for both experimental as well as theoretical investigation. Ghosh and Bandyopadhyay [19] engaged their own formulation to examine the influence of cutouts on the static analysis of conoidal shells. The bending analysis of stiffened conoids is studied by Das and Chakravorty [20] using three noded beam element. Kumari and Chakravorty [21] used FSDT for the study on the bending response of delaminated conoids. The FE method was used by Bakshi and Chakravorty [22] for the analysis of first ply failure occurs in laminated composite conoidal shell subjected to uniformly distributed loading. Malekzadeh Fard and Baghestani [23] explored the free vibration behavior of moderately thick doubly curved shell based on FSDT with classic boundary conditions. The bending and free vibration analysis of functionally graded porous plate was presented by Akbas [24] . He used FSDT model and Navier solution for solving the problem. An analytical model was developed by Al Rjoub and Hamad [25] to study the effect of porosity on free vibration analysis of porous beam. Eltaher et al. [26] developed a modified porosity model for the bending and vibration analysis of functionally graded nanobeams and mathematical model was solved using a finite element method. Kiran et al. [27] presented the effect of porosity on the static response of FGM magneto-electro-elastic skew plate. Gupta and Talha [28] [29] [30] explored the influence of porosities on the flexure and free vibration response of graded plate using higher deformation theory.
The literature review reveals that no results for the bending analysis of doubly curved FGM porous conoidal shell are available. Therefore, an attempt was in the present paper to study the bending behaviour of FGM porous conoidal shell with the help of improved mathematical model. The FE coding was done by using a C 0 nine noded FE with seven nodal unknowns at each node for the present improved mathematical model developed by the authors. C 1 continuity requirement associated with the present model is suitably circumvented. The present study facilitates the bending analysis by finite element (FE) modelling, keeping in mind the processing time in computer and simplicity of approach. This study is the first step towards enhancing our understanding of the bending problem of FGM porous conoidal shell.
Formulation
The FGM porous conoidal shell of sides a, b and thickness h are depicted in Fig. 1 (a) . The upper layer
of the porous shell surface is ceramic rich, while the bottom portion (︀ z = −h/2 )︀ of the porous shell surface is metal rich, as shown in Fig. 1(b) ., with a gradation zone having a smooth variation of material properties in between the two surfaces. Using the power law, the final properties of the FGM porous conoidal shell at any point in thickness coordinate (z) can be stated as
where,
where β (β << 1) is the volume fraction of porosities. P(z) implies material properties like the Young's modulus of elasticity (E), material density (ρ) and Poisson's ratio (ν) of the FGM porous conoidal shell. Once the volume fraction index of material constituents is known, the Young's modulus at any point 'z' can be calculated as per the rule of mixture.
where Ec, Vc and Em, Vm are the material properties and volume fraction of ceramic and metal, respectively, and n is the volume-fraction index. 
Theory and formulation 2.1.1 Displacement field and strains
In order to develope the mathematical model, the displacement fields for FGM shell are considered on the basis of the third order shell theory and are as follows: 
where the middle section is taken as a reference for material coordinates (x, y, z). u, v, w denoted the displace-ments of along the (x, y, z) coordinates, u 0 , v 0 , w 0 are corresponding displacements on the mid-plane. θx,θy are the bending rotations normal to the mid-plane about the y axis and x-axes, respectively. The functions ξx, ξy , ζx and ζy are higher order terms of Taylor's series expansion at the midplane of the conoidal shell. By imposing the boundary condition (zero transverse shear strain at top and bottom) in Eq. (4), the function ξx, ξy , ζx and ζy will be calculated as
Replacing the unknown in Eq. (5) into Eq. (4), we obtain
For omitting C 1 continuity problem associated with TSDT, the out of plane derivatives are replaced by the following relations
The final form of displacement filed expression owning C 0 continuity is written as
Hence, the field variables per node taken in the present investigation are u 0 , v 0 , w 0 , θx, θy, ψx and ψy. Mathematically, it may be expressed as
where {δ} is termed as a displacement vector. The strain vector may be expressed as 
The strain relationship can be written as:
Constitutive relationship
The linear stress-strain constitutive relationship for the FGM conoids are
where the constitutive matrix
where the term Q ij can be obtained with the help of the Young's modulus (E) and Poisson's ratio (ν), in which E is the function of thickness coordinate.
3 Finite element modelling
Introduction
For the present C 0 finite element (FE) model, nine noded isoparametric Lagrangian element with seven degrees of freedom at each node is utilized in the present investigation. The shape function (interpolation function) is used to express the generalized displacement vector and element geometry at any point within an element as
The shape functions N i of nine noded isoprametric Lagrangian element are depicted below. For corner nodes:
For mid nodes:
For centre node:
Governing equation
The strain energy may be expressed as
By using the Eq. (15), the above expression can be represented as 
The loading patterns used in the present analysis are written below:
The details of some of the boundary condition (BC) used are as follows: The convergence study of the dimensionless maximum deflection of FGM-1 (Al/ZrO2) plate was conducted for four power law indices (n = 0, 0.5, 1, ∞) and presented in Table 1 . For this particular example, we used hl = 0 and hh = 0 in the present FE code of the FGM-1 conoidal shell for converting it into FGM plate. It was found that at 16 × 16 mesh size, the results converge for the present nine noded isoparametric elements. From Table 1 , it was noted that our numerical results are consistent with Ferreira et al. [31] . Example 2. Fig. 2 represents the comparison of dimensionless maximum transverse displacement of simply supported FGM porous plate. The bottom layer of FGM plate is metallic and the top layer is ceramic. For various value of volume fraction indices, the results were compared with Akbaş [24] and again it showed a decent agreement. Table 4 shows the validation of present FE formulation with Hadid [17] and Bakshi and Chakravorty [22] . The validation study confirms the improvement of the present FE result over Bakshi and Chakravorty [22] as the current results are closer to the elasticity results presented by Hadid [17] . 
Results and discussion
In order to analyze FGM conoidal shells under various type of transverse loading, different composition of material constituents, different combination of boundary condition, numerous value of volume fraction index, side-tothickness ratio, aspect ratio and hl/hh ratio are considered. Tables 3 and 4 represent the dimensionless maximum deflection and their location subjected to uniform and sin-sin loading for the FGM-1 porous conoidal shell, re- spectively. The numerical results were computed for a/h = 10, a/b = 1, hl/hh = 0.25 (hl = 0.05, hh = 0.2), and SSSS, CCCC, CCSS, CSCS, CCFF and CFCF boundary condition. It can be observed from that the maximum deflection of the conoidal shell occurs at a different location, unlike plate structure where maximum deflection occurs at the midpoint. These numerical values revealed that the dimensionless deflection of porous conoidal shell increases along with porosity percentage because of the decrease in the equivalent modulus of elasticity. Apart from that as we move from n = 0 to n = ∞, the dimensionless deflection of the porous conoidal shell is increased and it may be attributed to the higher volume fraction index which leads to lesser ceramic content, thus reducing its stiffness. Intrestingly, around 200% increase in the maximum dimensionless deflection was noticed as the volume fraction index changed from 0 to ∞ and almost 30% growths were displayed when the volume fraction index changed from 0 to 1 for all boundary conditions. Remarkably, CFCF boundary condition yields the highest deflection while CCCC retains the lowest deflection value among all considered boundary conditions. The influence of thickness ratio on dimensionless deflection of FGM-1 porous conoidal shell is tabulated in Tables 5 and 6 subjected to uniform and sin-sin loading, respectively. These numerical results highlighted that non-dimensional deflection increases along with the thickness of porous conoidal shell. The correlation between hl/hh ratio and dimensionless deflection of FGM-1 porous conoids subjected to uniform loading is tested in Table 7 . Interestingly, for higher value of hl/hh ratio, lower value of dimensionless deflection is noticed. The decrease in hl/hh ratio reduces the curvature of the lower end (hl) of the conoidal shell, due to this the stiffness of shell reduces, therefore deflection increased. Fig. 3 depicts the variation of dimensionless deflection along the centre line subjected to uniform loading. The numerical results of dimensionless deflection of FGM-1 porous conoids subjected to various type of transverse load were plotted in Fig. 4 . a/h = 10, a/b = 1 and hl/hh = 0.25 was used. The maximum and minimum non-dimensional deflections were found under uniform loading and cos-cos loading respectively. In Fig.  5 , the maximum dimensionless deflection of FGM-1 and FGM-2 porous conoidal shell was plotted against the porosity coefficient. With the rise in the porosity parameter, the transverse deflection of the porous conoidal shell increases for both types of FGM. The dimensionless value of stresses increases along with the thickness ratio of porous conoidal shell. Fig. 6 shows the dimensionless value of axial stressσx for FGM porous conoidal shell having various types of boundary conditions. It is remarkable to notice that for all types of BC except CFCF, the nature of graph along thickness coordinate is the same except for CFCF type boundary condition, in which the nature of graph is opposite to the other considered boundary conditions. The non-dimensional numerical value of axial stress decreases with an increase in constraints at end support. The dimensionless values of axial stressσy and shear stressτxy are shown in Fig. 7 and Fig. 8 respectively.
Conclusion
This paper focuses on the influence of porosity on the bending analysis of FGM porous conoidal shell based on TSDT subjected to the various types of loads using an efficient C 0 FE model. The subsequent outcomes of the present study were written below for the volume fraction indices, skew angles, thickness ratios, hl/hh ratios and various types of end support.
-The presence of porosity increases the deflection in comparison with perfect conoidal shell. -The dimensionless deflection of the FGM porous conoidal shell increases along with the porosity volume fraction and volume fraction index. -The porosity shows an insignificant effect on the dimensionless stresses of FGM porous conoidal shell except CFCF boundary condition. -The non-dimensional deflection and dimensionless stresses increase with increase in thickness of shell. -The dimensionless deflection and normal stresses at the top of the rhombic shell increase with a reduc-tion in the hl/hh ratio subjected to uniform and sin-sin loading.
